Elaeocarpus hookerianus Raoul, a canopy tree native to New Zealand, has a divaricating juvenile stage. The juvenile produces short shoots on both vertical and horizontal axes in the spring ; long shoots are formed and expand most in summer months. Axes have regions of long internodes interspersed with regions of short internodes. Long internodes are associated with production of sinuate, linear-lanceolate leaves, the outgrowth of many lateral branches, and a wide angle of divergence between terminal and lateral axes. Regions with short internodes bear smaller, obovate leaves, and lateral outgrowth is suppressed. Periodicity in internode length is synchronous for first-and second-order horizontal axes at comparable distances along a branch. Vertical axes elongate more extensively, bear more linear lanceolate leaves, and branch more prolifically than horizontal axes. Topological growth, as determined by monthly estimates of mean order and of partition asymmetry, is similar for vertical and horizontal axes ; both become more symmetrical towards the end of the season. Most leaves fall, and growth halts over winter months. The characteristic habit of juvenile E. hookerianus results from weak apical control of lateral shoot outgrowth, and periodic growth that provides for efficiency in light capture and expenditure for structural support. Vertical axes are considered to ' explore ' the environment peripheral to the plant's canopy, whereas horizontal axes ' exploit ' the canopy volume already captured.
INTRODUCTION
New Zealand's flora has two remarkable features that set it apart from that of other countries. A high proportion of its indigenous plants (54 species in 20 genera, representing 16 families of angiosperms and one family of gymnosperms) are ' divaricating ', i.e. small-leaved woody shrubs that have closely interlaced branches (Allan, 1961 ; Greenwood and Atkinson, 1977 ; Wardle, 1991) . At a discrete stage in their ontogeny, eleven of these species change from a divaricating shrub into a tree (Philipson, 1964) ; this phenomenon, termed ' habit-heteroblastism ', exists outside New Zealand only in two Australian members of the Rutaceae (Philipson, 1964) .
The prominence of divaricating plants from diverse taxonomic groups suggests a common adaptive advantage. Their evolution has been attributed to glaciation during the Pleistocene (Cockayne, 1911 ; Rattenbury, 1962) , to moa browsing (Greenwood and Atkinson, 1977 ; Atkinson and Greenwood, 1989) , to interspecific hybridization (Philipson, 1964 ; Godley, 1985) , or to the lateral transfer of genes (Went, 1971) . Possible functional benefits of the divaricating form include the sheltering of many leaves from frost (McGlone and Webb, 1981) or the creation of a moreefficient light-trapping canopy (Horn, 1971 ; Kelly, 1994 However, there is little substantive evidence for any of these theories (McGlone and Clarkson, 1993) , and various authors have called for detailed studies of the growth, development and ecophysiology of divaricating forms (Lovell, Uka and White, 1991 ; McGlone and Clarkson, 1993) . Elaeocarpus hookerianus Raoul is arguably the most extreme example of a plant that changes from a juvenile divaricating shrub to an arborescent adult. The morphology of juvenile E. hookerianus is particularly complex. It is classified as divaricating because of its wiry, zig-zag, interlacing stems which give a highly-branched appearance, its wide branch angles, and its small leaves separated by relatively long internodes (Allan, 1961 ; Greenwood and Atkinson, 1977 ; Kelly, 1994) . The plant has horizontal axes and vertical axes, long shoots and short shoots (Fig. 1) . Horizontal axes bear vertical lateral axes, and ice ersa. Leaf morphology varies from obovate with entire margins to linear or lanceolate with sinuate margins (Fig. 2) . The vegetative morphology of E. hookerianus changes abruptly at a height of between 2 and 4 m (Allan, 1961) . Adult plants are arborescent, have stouter branches borne at more acute branch angles, and bear leaves five to 20 times larger than those of juvenile plants (Fig. 2) .
If we are to understand the strategy for survival of plants such as E. hookerianus, we need to know how the architecture of divaricating plants is generated. Features such as branching patterns, growth rates of axes of different orders, and the spatial and temporal separation of different leaf forms have profound implications for ecological and ecophysiological processes such as light gathering, frost tolerance and herbivore deterrence (Kelly, 1994) . The developmental basis for divaricating architecture has not been reported previously. Our objective was to unravel the complexity of form in E. hookerianus, by monitoring the growth of the juvenile over the full course of a year. Such information is a useful indicator of the evolutionary pathway of a species (Givnish, 1986) , and provides insight into why plants such as E. hookerianus have a distinct juvenile form. Holistic descriptions of plant architecture require measurements of both metric properties and of topological properties. Metric properties are parameters that can be measured, such as shoot length and branch angle. However, positional information is lost when only metric data are taken (MacDonald, 1983) . Topological properties explain the arrangement and connections between units of construction of a plant. Many topological parameters are available, and they have been used extensively to describe branching arrangements of rivers, bronchial systems and neural networks (MacDonald, 1983) . However, relatively few have been used to quantify topological growth of plants. Only the bifurcation ratio has been used frequently on plants (e.g. Pickett and Kempf, 1980 ; Borchert and Slade, 1981 ), yet its usefulness as a parameter is questionable (Tomlinson, 1978) .
Here, we introduce two topological parameters that have not previously been used to analyse plant topology : mean order (γ-), which is an index of the compactness of a branching structure, and partition asymmetry (A t ), which enumerates differences in branching potential between the two arms of a bifurcation van Pelt, Verwer and Uylings, 1989 ; van Pelt et al., 1992) . We use these parameters to compare the topological growth of vertical and horizontal axes over the course of a season.
We present metric and topological data for horizontal and vertical axes, and long and short shoots on branches of different orders from forest-and pot-grown material. We provide evidence of weak apical control of lateral outgrowth, and describe a previously unreported periodicity in dimensions of consecutive architectural units of E. hookerianus plants. These patterns are linked to seasonal changes, and provide insight into the control of the development of the divaricating form. Our data indicate that juvenile E. hookerianus is well suited to explore and exploit seasonal changes in light conditions within the plant's canopy.
MATERIALS AND METHODS

Terminology
The terminology of Room, Maillette and Hanan (1994) was employed to describe units of plant construction. We distinguished between short axes (unbranched axes less than 10 mm long comprising internodes shorter than 1 mm), and long axes (at least one internode greater than 1 mm in length). Leaves (Fig. 2) were classified as obovate (length to width ratio less than 2n0, and margins entire or nearly so) or linear-lanceolate (length to width ratio greater than 2n0, and margins sinuate or lobed).
Plant material
In order to take repeated measurements of branches, we used clonal plants, 3-4 years old and 0n5-1n0 m tall, purchased from a local nursery. These were grown in pots containing 20 l of a pine-bark based mix, under full sun in Auckland, New Zealand. The use of clonal plants facilitated descriptions of a complex canopy morphology without the confounding effects of genotype-environment interactions. To compare their form to plants growing under natural conditions, four juvenile plants of a similar height were selected randomly from a population growing in the understorey of a sub-alpine forest west of Tongariro National Park, New Zealand (NZMS 260, Sheet S19, grid reference 268 312).
Shoot morphology
The leading axis, that would ultimately give rise to the trunk, was designated zero order. Lateral shoots were assigned an order number of one greater than that on which they were inserted (Halle! , Oldeman and Tomlinson, 1978) . Successive nodes on branches were numbered acropetally ; the numbering of nodes along a lateral shoot followed on from the node number on the axis from which it arose.
The five longest horizontal branches, each consisting of a first order axis and all contiguous higher order axes, were measured on four clonal and four forest-grown plants during Apr. 1992 (late autumn) . Internode lengths, branch angles, stem angles, angles from vertical of the proximal 50 mm of all axes, position of all lateral shoots, and the position and morphology of leaves were recorded. Internode lengths could be measured because leaf scars remain visible for many years after leaf abscission. Branch angle was taken as the angle between a lateral shoot and the axis from which it arose ; stem angle was the angle between contiguous internodes of any one axis, giving rise to the zig-zag stem arrangement. Except for the comparison between first and second order axes, data from all axes were combined.
Seasonal measurements
In mid Jul. 1992, two nodes were tagged on each of five clonal plants, at approx. three to four visible nodes beneath the apex of a vertical axis and a horizontal axis. All subsequent growth distal to a tag was measured at monthly intervals for 13 months. We recorded the positions and lengths of all internodes and lateral axes, the position, length and width of all leaves, and all branch and stem angles. Internodes that had expanded in the previous season were identified as those proximal to the tag but distal to a group of short internodes (winter growth). All leaves and lateral branches produced on these shoots were recorded.
Irradiance within each canopy was measured every month at approx. 1300 h. Photosynthetically active radiation (400-700 nm) was detected using a Li-Cor LI185B quantum photometer. Two horizontal transects at right angles were traced through the canopy 20 cm below the vertical axis tag. The ' thin ' form has a relatively high mean order (γ-l 3n7) and maximal partition asymmetry (A t l 1). The ' compact ' form has more bifurcations located nearer to the proximal segment (γ-l 2n3) and is symmetrical (A t l 0). Real branches are likely to fall between these two extremes.
Irradiance was recorded at 5 cm intervals outwards from the vertical axis along each transect, in a direction perpendicular to the sun. All irradiance measurements, excluding those within 5 cm of the edge of the canopy, were calculated as a proportion of the maximum irradiance (outside the canopy). Data were pooled to give an estimate of the mean monthly percentage of maximum irradiance within the canopy.
Topology
Two topological parameters, mean segment order (γ-) and partition asymmetry (A t ) were calculated each month from drawings of branches terminal to tagged nodes. For the calculation of mean segment order each segment was numbered according to the Weibel ordering system (Fig. 3 ). Ordering began with zero for the segment tagged in Jul. 1992. Mean segment order was calculated using :
where γ is the segment order, n is the total number of shoottips on the branch, m is the maximum order number of any segment, and S(γ) is the number of segments of order γ. Branches with fewer than four segments were excluded from analysis because of the poor resolution of these data.
Mean order is the average distance (number of segments) at which branching occurs from the proximal segment of a branch. The minimum mean order describes a structure in which branching occurs as close as possible to the segment of Weibel order zero (Fig. 3) , giving rise to a ' compact ', symmetrical form (MacDonald, 1983) . The maximum mean order describes a ' thin ', asymmetrical form in which branching occurs at greatest distances from the proximal segment (Fig. 3) .
Partition asymmetry (A t ) quantifies asymmetry of branches. It assumes that branching occurs through bifurcation, i.e. that a maximum of two axes can result from each branching event. At each branch junction, the proportionate difference in total numbers of shoot tips on either arm of the bifurcation (A p ) is calculated. Asymmetry of the branch as a whole is estimated as the sum of individual values of A p divided by the total number of bifurcations (van Pelt et al., 1992 ). An A t value of zero indicates an entirely symmetrical branch, whereas values approaching unity indicate a large differential, an asymmetrical structure. For the topological extremes shown in Fig. 3 , the ' thin ' form (A t l 1) is asymmetrical because the ratio of shoot-tip numbers at each arm of a junction is 7 : 1 for the proximal junction, 6 : 1 at the second junction, 5 : 1 at the third, and so on. By contrast, the symmetrical, ' compact ' form (A t l 0) has a ratio of 1 : 1 at all junctions (Fig. 3) .
Partition asymmetry was calculated using :
where n is the number of shoot-tips on the branch, p is the number of each bifurcation, r and s are smaller and larger numbers of shoot tips, respectively, on each arm of a bifurcation, and m is the total number of shoot tips distal to a bifurcation (m l rjs).
RESULTS
Comparison between pot-and forest-grown plants
A greater proportion of nodes subtending short lateral shoots and a smaller proportion of obovate leaves (as opposed to linear-lanceolate leaves) was found on forestgrown plants than on pot-grown plants (Table 1) . Forestgrown branches had larger branch and stem angles than T  1.
Morphometric properties of horizontal axes for pot-grown and forest-grown ju enile Elaeocarpus hookerianus Pot Forest
Mature internode length (mm) 4n2p0n1 4 n 4 p 0 n 1 No. nodes per 1st order axis 35n7p2n1 3 2 n 1 p 1 n 2 % Shoots aborted (1st and 2nd order only) 10n7p2n2 1 2 n 7 p 2 n 4 Branch angle (m) 9 2 n 7 p 1 n 7 103n5*p2n7 Stem angle (m) 154n2p1n1 163n1*p0n8 Angle from vertical (m) 9 0 n 8 p 4 n 3 9 2 n 8 p 4 n 0 % Nodes bearing short shoots 15n2p2n1 2 2 n 6*p2n6 % Nodes bearing long shoots 18n4p1n7 1 7 n 6 p 2 n 3 % Leaves obovate 69n9p4n3 3 0 n 8*p4n3 * Significant difference from value for pot-grown plants (t-test ; P 0n05).
Data are meansps.e. for long axes of all orders unless otherwise stated. pot-grown plants. There were no other significant differences.
Periodicity
Along any one horizontal axis, stretches of long internodes alternated with stretches of short internodes (Fig. 4 A) . This pattern was repeated with a periodicity of approx. 20 nodes. Periodicities of first-and second-order axes were correlated, such that internodes of different axes had similar lengths when they were at comparable numbers of nodes from the proximal end of the branch (Fig. 4 A) . Periodicity in internode length was also evident along vertical axes (Fig.  4 B) , but was not synchronous with variation along subordinate axes.
Branch angle, stem angle, length of lateral shoot, and leaf length also increased and then decreased rhythmically along an axis (Fig. 5) . The correlation between internode length and each of these properties was statistically significant in every instance ; longer internodes were associated with wider branch angles, wider stem angles, longer leaves and longer lateral shoots. Obovate leaves were borne at nodes associated with the short internodes (mean length 3n2p0n1 mm) ; linearlanceolate leaves were associated with longer internodes (4n5p0n3 mm).
Axis de elopment
Vertical axes elongated more than horizontal axes over the growth season (Fig. 6) ; internodes were both longer and more numerous ( Table 2 ). The vertical axes branched the more prolifically (Fig. 6) ; they had more nodes and a greater proportion of nodes bearing both long and short shoots (Table 2) . Vertical axes were straighter than horizontal axes, and laterals diverged from the main axis at more acute angles ( Table 2 ). The combination of branch angle and stem angle effectively maintained the angle of a lateral shoot at 90m from vertical ; two-thirds of all axes measured were oriented at between 70 and 110m from vertical.
The extent of growth and the production of the different shoot types varied over the course of a season. Growth of all axes was arrested during the winter months, from June to August. Long shoots on both horizontal and vertical axes were formed and extended most during the summer months ( Fig. 7 A and B) . Apices of long shoots aborted frequently, both between and during growth seasons (Table 2) . Short shoots were preferentially produced in spring on both vertical and horizontal axes ( Fig. 8 A and B) . Short shoots developed prior to long shoots ( Fig. 8 A and B) , in the leaf axils of long shoots from the previous growth season (Table  2) . Between 10 and 13 % of the previous season's short shoots grew out as long shoots in the current season (Table  2) . Shoot elongation decreased towards the end of the growth season, though some new laterals continued to be formed. For any branch junction along a horizontal axis, a similar number of nodes was present on a lateral shoot as on the distal segment of the main axis (Fig. 9) ; the ratio of size of a lateral to size of the distal segment was 1n18. A similar relationship was found for vertical axes (ratio l 0n89) up to a lateral length of 35 nodes (Fig. 9) 9n0p0n8 5 n 3*p0n3 No. nodes per axis 51n4p8n1 2 6 n 0*p3n7 No. lateral shoots per axis 16n2p4n0 1 2 n 2 p 4 n 1 4 n 4*p0n8 3 n 0*p0n9 No. axes per branch 87n0p28n3 4 2 n 6 p 12n8 1 6 n 2*p2n7 8 n 0*p1n9 % Nodes bearing lateral shoots 32n5p2n2 2 0 n 7 p 6 n 4 1 8 n 5*p1n8 8 n 1*p3n5 Stem angle (m) 174n6p1n8 154n1*p2n5 Branch angle (m) 7 1 n 5 p 3 n 7 9 6 n 3*p3n3 Leaf length (mm) 14n8p1n0 7 n 1*p0n8 Leaf width (mm) 3n3p0n2 4 n 0*p0n3 % Leaves obovate 25n0p4n3 7 4 n 2 p 3 n 7 6 4 n 0*p3n8 7 2 n 9 p 2 n 5 % Shoots aborted at end of previous season 37n5 1 5 n 4 % Shoots aborted during current season 42n4 5 9 n 6 % Short shoots from previous season that grew out in current season (ratio l 0n19). For vertical axes, canopy expansion was thus effectively restricted in the horizontal direction after 35 nodes, in favour of vertical extension. 
Topology
Values of mean order were plotted as a function of the size of a branch, estimated by the number of shoot tips present at each monthly observation (Fig. 10 A) . Comparable curves described changes in topology of both vertical and horizontal branches over the growth season, indicating that topological growth of both types was similar. Changes in partition asymmetry values also indicated comparable topological growth of the two branch types (Fig. 10 B ; Table 2 ). Each became significantly more symmetrical, more ' compact ' towards the autumn months (repeated measures ANOVA ; P 0n01 for both vertical and horizontal branches).
Leaf production
During spring, leaves developed primarily on short shoots produced in the previous season (Fig. 11 A and B) . Up to 60 % of leaves produced in the growth season within 1 cm radius of the horizontal axis were produced by these shoots. In summer, leaves were formed on the current season's long and short shoots. Vertical axes bore more leaves than horizontal axes during summer, both because they had more nodes (Table 2 ) and because more leaves were formed on the current season's short shoots (Fig. 11) . Most of the F. 12. Seasonal changes in leaf numbers (main axis and short lateral shoots combined) of vertical (#) and horizontal ( ) axes in relation to monthly proportion of maximum irradiance that penetrated the plant's canopy (4). Data are meansps.e. from five juvenile plants of Elaeocarpus hookerianus.
leaves produced on long vertical axes were linear-lanceolate, whereas other shoot types predominantly produced obovate leaves (Table 2 ). Many leaves fell from all shoot types late in the season, indicating the semi-deciduous nature of juvenile E. hookerianus. Leaf loss was greatest and occurred earliest from short shoots of the previous season (Fig. 11) . The proportion of maximum irradiance available within the canopy was inversely correlated to total leaf numbers (Fig.  12 ).
DISCUSSION
The form of juvenile E. hookerianus is complex, and underlying order is not immediately evident on inspection (Fig. 1) . However, our measurements have revealed some predictable features. Lengths of successive internodes increase and then decline with a regular period (Fig. 4) . Spatial periodicity is also evident in the extent of branch angles, in the degree of outgrowth of lateral shoots, and in leaf morphology (Fig. 5) . Synchronicity in the periodicity of all of these features (Fig. 5) , and between axes of different orders (Fig. 4) , suggests that they are linked by a common control mechanism associated with seasonal changes (Fig.  7) . We consider that two features in particular, spatial periodicity and a weak apical control of horizontal axes, characterize the divaricating form of juvenile E. hookerianus. Spatial periodicity in internode length results from seasonal changes in both rate (Fig. 7 A) and extent (Fig. 7 B) of elongation. Periodic and episodic growth patterns are common among temperate and tropical tree species, respectively (Gill and Tomlinson, 1971 ; Borchert, 1991 ; Brown and Sommer, 1992 ; Kuehny and Halbrooks, 1993) . Periodic growth can provide efficiency in utilization of carbon (Borchert, 1991) . Juvenile E. hookerianus bears few leaves during winter months (Fig. 11) ; its open canopy permits relatively high light penetration (Fig. 12) . When growth resumes in the spring, leaves are produced inside the canopy, primarily on short shoots from both the previous and current year's growth (Fig. 11) . This represents efficient use of available light because only low levels of stored carbon would be required for support tissues (Fisher, 1986 ; Brown and Sommer, 1992) . In the summer, few leaves are produced on short shoots. Carbon is apparently channelled into long shoot growth, affording increases in axis extension (Fig. 7 A) , lateral shoot production (Fig. 8) , and leaf numbers and lengths (Fig. 11, Table 2 ).
Apical control is the partial or complete inhibition of lateral shoot elongation by the influence of one or more distal apices (Ford, 1986) . Both vertical and horizontal axes of juvenile E. hookerianus bear many lateral shoots, and have frequent apical abortions that lead to sympodial growth (Table 2) . However, only the horizontal axes display sylleptic growth, as illustrated by the synchronicity for first and second-order shoots in morphometric properties such as internode length (Fig. 4 A) , and the comparability in size of main and lateral axes (Fig. 9) . Syllepsis is indicative of weak apical control. For vertical axes, periodicity in internode lengths along a lateral shoot was not correlated with that on the main shoot (Fig. 4 B) , and laterals were shorter than their parent axes (Fig. 9) , indicating a stronger apical control.
Linear-lanceolate leaves, usually the larger of the two types, were found predominantly on the regions of long internodes ; the smaller, obovate leaves were associated with short internodes. Juvenile E. hookerianus, therefore, obeys Corner's (1949) rule : the more massive an axis, the larger are its lateral appendages. Linear-lanceolate leaves are likely to be more expensive to produce than obovate leaves (Givnish, 1986 ), but they presumably provide greater return to the plant. Narrow leaves with serrations or lobes assist light penetration within the canopy (Horn, 1971 ; Kelly, 1994) and afford greater control over gas and heat exchange than the shorter, wider obovate leaves (Givnish, 1986) .
Vertical axes of juvenile E. hookerianus ' explore ' the environment peripheral to the plant's own canopy, whereas horizontal axes ' exploit ' the canopy volume already attained. Vertical axes elongate rapidly and extensively (Fig.  7) , display some apical control, and produce most leaves on the current season's shoots (Fig. 11 A) . By contrast, horizontal axes grow to a maximum length of approx. 25 nodes (Fig. 9) . They bear many shoot meristems in a small volume, exhibit weak apical control of lateral shoot outgrowth, and have approx. 60 % of their leaves on short shoots on axes from the previous season (Fig. 11 B) . The ' explorative ' and ' exploitative ' roles of vertical and horizontal axes of juvenile E. hookerianus are similar to the ' colonizing ' and ' maintaining ' complexes of bearberry (Remphrey, Steeves and Neal, 1983) , and the ' guerilla ' and ' phalanx ' strategies (Harper, 1977 ; Lovell and Lovell, 1985) of ' spacers ' and ' feeding sites ' (Bell, Roberts and Smith, 1979 ; de Kroon and Schiering, 1991 ; Birch and Hutchings, 1992) in clonal plants. While there are many reports of distinct roles for different shoot types in horizontally spreading plants, it is unusual for trees to be classified in this way.
Mean order and partition asymmetry have been used extensively to describe branching patterns in neural networks (van Pelt and Verwer, 1986 ; Uylings et al., 1989 ; van Pelt et al., 1992) , but have not before been applied to plants. Their usefulness for assessing changes in plant topology is illustrated by the following two conclusions relating to the architecture of E. hookerianus. (a) Topological growth of vertical and horizontal axes is almost identical (Fig. 10 A  and B) . They can be distinguished, not on the basis of branching pattern, but rather from differences in metric properties, such as the extent of elongation (Fig. 7) . (b) Topology changes over the course of a growth season (Fig.  10 A and B) , i.e. it is non-stationary (Steingraeber and Waller, 1986) . Increased production of lateral shoots during the latter part of the season results in a more symmetrical structure. This is an important result ; many previous descriptions of plant architecture have relied on observations at only one point in time (e.g. Tomlinson, 1978 ; Pickett and Kempf, 1980 ; Borchert and Slade, 1981) , thus assuming stationarity of topological growth. Lovell et al. (1991) commented that there is little quantitative evidence for the effect of environmental factors on the growth and form of New Zealand's divaricating species. Though not our intention to study genotypeenvironment interactions, for which larger sample sizes would be required, our limited data set does indicate some differences between forest-and pot-grown plants (Table 1) . These, in addition to the seasonal periodicity in growth, indicate that the form of juvenile E. hookerianus responds to environmental conditions. Our study highlights the paucity of information on variables controlling the form of divaricating plant species.
Juvenile E. hookerianus plants are versatile. They have dimorphic shoots (short and long), dimorphic axes (vertical and horizontal), a range of leaf shapes, many shoot apices within a relatively small canopy volume, and frequent apical abortion. Each of these features affords the potential to exploit changes in environmental conditions. They also provide the mechanism to employ two concurrent growth strategies ; a low cost, exploitative strategy to use resources efficiently within their canopies, and a more expensive, explorative strategy to reach higher light environments of the forest canopy.
